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Multiple Forms of “Kiss-and-Run” Exocytosis
Revealed by Evanescent Wave Microscopy
can allow the selective retention of cargoes within the
vesicle.
We used three fusion constructs, between (1) the vesi-
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Henry Wellcome Laboratories for Integrated Cell
Signalling and
Department of Biochemistry cle membrane protein synaptobrevin-2 (VAMP2) and
pH-sensitive green fluorescent protein (GFP) (synap-School of Medical Sciences
University Walk to.pHluorin) [9], (2) the vesicle cargo neuropeptide Y
and a pH-insensitive GFP variant (NPY.Venus)—VenusUniversity of Bristol
Bristol BS8 1TD is derived from enhanced GFP but is much less affected
by pH and has improved maturation kinetics [10]—andUnited Kingdom
(3) the membrane protein, phogrin, and enhanced green
fluorescent protein (phogrin.EGFP) [4, 11].
As previously reported for phogrin.EGFP [4, 12], ex-Summary
pression of either synapto.pHluorin or NPY.Venus in
clonal MIN6  cells produced a highly punctate pat-Exocytotic release of neuropeptides and hormones is
tern of fluorescence (0.94 0.04 and 0.98 0.05 fluores-generally believed to involve the complete merger of
cent spots per m2 surface for synapto.pHluorin andthe secretory vesicle with the plasma membrane.
NPY.Venus, respectively; Figures 1A and 1D). Large,However, recent data have suggested that “kiss-and-
dense core vesicles revealed by costaining with anti-insu-run” mechanisms may also play a role. Here, we have
lin antibodies (colocalization, respectively, was 82.1% examined the dynamics of exocytosis in pancreatic
1.3% for n  3 cells, Figure 1C, and 76.2%  1.4% forMIN6  cells by imaging lumen- (neuropeptide Y/pH-
n  3 cells, Figure 1F) confirmed this pattern.insensitive yellow fluorescent protein; NPY.Venus) or
To determine whether any differences in the behaviorvesicle membrane-targeted fluorescent probes (syn-
observed for the two constructs may simply be due toaptobrevin-2/enhanced green fluorescent protein;
the targeting of each to a partially distinct subpopulationsynapto.pHluorin, or phosphatase on the granule of
of vesicles, we transfected both constructs simultane-insulinoma-enhanced green fluorescent protein, pho-
ously into the same cell. However, because both con-grin.EGFP) by evanescent wave microscopy. Unex-
structs contained EGFP and EYFP, fluorescence im-pectedly, NPY.Venus release events occurred much
aging was not expected to allow the localization of theless frequently (13%–40% maximal rate) than those of
expressed proteins to be determined after fixation.synapto.pHluorin, even though the latter molecule, but
Therefore, to demonstrate that synapto.pHluorin andnot phogrin.EGFP, usually diffused away from the site
NPY.Venus were likely to be targeted to the same vesicleof fusion. Thus, the majority of exocytosis occurs in
class, we took advantage of the drastically greater pHthese cells by kiss-and-run events that involve either
sensitivity of the former probe. Because the lumen ofthe release of small molecules only, small molecules
the dense core vesicle lumen is acidic (pH 5.5–6.0) [13,and selected membrane proteins, or all soluble car-
14], we captured a fluorescence image of NPY.Venusgoes (“pure,” “mixed,” and “full” kiss-and-run, respec-
first (Figure 1G), under conditions in which pHluorin fluo-tively). Changes in the activity of synaptotagmin IV,
rescence is expected to be close to zero. We then rapidlyachieved here by overexpression of the wild-type pro-
applied ammonium chloride (NH4Cl) to the same cell totein, may allow different stimuli to alter the ratio of
alkalinize secretory vesicles and to observe the addi-these events, and thus the release of selected vesicle
tional fluorescence due to synapto.pHluorin (Figure 1H).cargoes.
By this approach, NPY.Venus-containing and synap-
to.pHluorin-positive vesicles could be shown to exhibit
Results and Discussion an overlapping pattern of fluorescence (Figure 1I, 80.4
0.8%, n  3 cells), indicating that synapto.pHluorin and
Release of neurotransmitters and peptide hormones in- NPY.Venus are targeted to the same secretory vesicles.
volves exocytotic fusion of secretory vesicles with the Imaged by evanescent wave microscopy, stimulation
plasma membrane [1]. The classical model of exocytosis of Ca2 influx with KCl (50 mM) caused NPY.Venus-
thus involves “complete fusion” of the vesicle and containing spots to brighten and spread suddenly,
plasma membranes and the subsequent retrieval of which is consistent with release of the fluorescent pep-
membrane at a different site [2]. However, the existence tide (Figure 1J; also see Movie 1 in the Supplemental
of “foot potentials” [3] and other evidence [4–6] suggests Data available with this article online). As shown in Fig-
that “kiss-and-run” events, in which vesicles release ure 1K, fluorescence increased first in a central region,
their contents through a transiently opened fusion pore then spread into a surrounding annulus and finally de-
[7, 8], occur under some circumstances. Using multiple clined as dye diffused away [15].
targeted fluorescent reporter constructs, we show here Very rarely (4.6% 0.8% of total NPY.Venus-releasing
that kiss-and-run events represent the major form of events, n  20 cells), we observed transient increases
interaction of vesicles with the plasma membrane and in fluorescence that were not associated with the final
disappearance of the fluorescence (Figure 1L; see also
Movie 2). These events typically exhibited a much slower*Correspondence: g.a.rutter@bristol.ac.uk
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Figure 1. Colocalization of NPY.Venus and synapto.pHluorin with Insulin in MIN6  Cells
(A) Confocal image of paraformaldehyde-fixed MIN6  cells showing the distribution of synapto.pHluorin.
(B) Image of Alexa-568-labeled insulin fluorescence in the same cell.
(C) Overlay of (A) and (B).
(D) Confocal image of paraformaldehyde-fixed NPY.Venus fluorescence.
(E) Image of Alexa-568-labeled insulin fluorescence in the same cell.
(F) Overlay of (D) and (E).
(G) Evanescent wave image of NPY.Venus fluorescence in a live cell before applying NH4Cl.
(H) Image of synapto.pHluorin fluorescence in the same cells after rapid application of NH4Cl.
(I) Overlay of (G) and (H). The scale bar represents 5 m. No change in fluorescence was observed when NH4Cl was added to the cells
expressing NPY.Venus above (not shown).
(J) Sequential images of a single vesicle observed after high K stimulation. The third image shows a diffuse cloud of the NPY.Venus
fluorescence, and the final image shows an abrupt disappearance of the fluorescent spot.
(K, M, O, Q, and R) Time course of the fluorescence changes measured in the small circles enclosing fluorescent spots (filled symbols) and
for concentric annuli around the circles (open symbols) of two different vesicles. The ordinate is given in arbitrary units of brightness.
(L) Sequential images of a single vesicle observed after stimulation with 50 mM KCl without showing any diffuse cloud of the NPY.Venus
fluorescence. The third image does not show any cloud of the dye, whereas the final image shows an abrupt disappearance.
(N) The second and third images reveal a diffuse cloud of synapto.pHluorin fluorescence, and the final image shows gradual disappearance
of the fluorescent spot.
(P) Sequential images of a single vesicle observed after high K stimulation with no diffusion of synapto.pHluorin fluorescence. The scale bar
represents 1 m.
time course (approximately 3 s to reach peak fluores- second displayed a much slower upstroke (approxi-
mately 10 s to peak; Figure 1R). Each type of fluores-cence) than those described above (Figure 1M) and may
reflect the approach of vesicles to the plasma membrane cence change is likely to reflect a fusion event because
(1) pHluorin fluorescence is strongly dependent uponwithout exocytosis.
Stimulation of cells expressing synapto.pHluorin with an increase in vesicle pH and (2) these events were
completely suppressed by removal of extracellular Ca250 mM KCl caused fluorescent spots to spread and then
diffuse laterally (Figures 1N and 1O; see also Movie 3), (open squares, Figures 2D and 2E). In contrast, diffusion
of phogrin.EGFP fluorescence from discrete spots wasalbeit more slowly than NPY.Venus fluorescence (Figure
1K). Only a minority of synapto.pHluorin spots (22.6% never observed (n  12 cells from ten trials, data not
shown). Stimulation with high glucose concentrations3.4% of total events, n  20 cells) appeared and disap-
peared without displaying any apparent diffusion of fluo- (30 mM) caused a marked and biphasic increase in the
number of events recorded for either synapto.pHluorinrescence (Figure 1P, and see Movie 4). We observed
two distinct subtypes of synapto.pHluorin release (Figure 2A) or NPY.Venus (Figure 2B).
Unexpectedly, the maximum number of synapto.pHlu-events. The first displayed a very short time course (ap-
proximately 1 s to peak; 92.4%  4.6% of total no- orin fluorescence events per unit time was much greater
than that of NPY.Venus (Figure 2C, control; NPY.Venuslateral-release events, n  20 cells, Figure 1Q), and the
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Figure 2. Effect of Glucose or High [K] on Exocytosis as Reported with synapto.pHluorin or NPY.Venus
(A and D) The number of synapto.pHluorin spots shown in Figures 1N and 1P were counted manually as fusion events every 10 s and plotted
against time.
(B and E) The NPY.Venus spots shown in Figure 1J was counted every 10 s as fusion events and plotted against time.
(C and F) The ratio of the number of peak events between synapto.pHluorin and NPY.venus was calculated in cells overexpressing synaptotagmin
I, IV, Munc 18 or Munc18R39C on glucose (C) or high [K] stimulation (F). Stimulation was given at the time indicated by a dashed line.
(G) A plot of the number of events detected versus the rate of acquisition time. An asterisk indicates p  0.05 from the control.
release rate  13.5%  1.4% of synapto.pHluorin re- significantly reduced the peak number of synapto.pHlu-
orin-reported events in response to either high glucoselease rate; n  6 cells after 30 mM glucose; or Figure
2F, control, 39.8  0.5%, n  6 cells after 50 mM KCl, (Figure 2A, 18.6 2.5 events/10 s, n 6 cells for control;
10.3  2.3, p  0.05, n  6 cells for synaptotagmin IV;p  0.05 from 30 mM glucose). These differences seem
unlikely to be a due to a failure to detect very rapid and 7.6 0.5, p  0.05, n  6 cells for Munc 18 mutant)
or K (Figure 2D, 25.3  2.6 events/10 s, n  6 cells forNPY.Venus release events; a plot of the number of
events detected versus the rate of acquisition (Figure control; 12.3 1.1, p 0.05, n 6 cells for synaptotag-
min IV; and 6.6  1.4, p  0.05, n  6 cells for Munc 182G) revealed a similar ratio of synapto.pHluorin versus
NPY.Venus after extrapolation to zero acquisition time. mutant). Synaptotagmin IV significantly increased the
peak ratio in response to either 30 mM glucose (FigureExocytosis requires the assembly of soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor 2C; 31.6%  7.5%, p  0.05; n  6 cells) or in response
to 50 mM KCl (Figure 2F; 56.3%  5.2%; p  0.05, n (SNARE) complexes [16]. We therefore explored the pos-
sibility that synaptotagmins [17] and Munc18-1 [18], a 6 cells).
Overexpression of synaptotagmin IV significantly al-binding partner of syntaxin-1, might affect the observed
fusion kinetics, since these proteins have previously tered the decay time for the spread of synapto.pHluorin
from the center of the fusion event, as well as the releasebeen shown to have effects consistent with modifica-
tions of fusion pore dynamics. Overexpression of synap- of NPY.Venus (Figures 3A–3D). These data differ from
those reported in a previous study [17]. One possibletotagmin I or wild-type Munc18 had no significant effect
on the frequency of events reported with either synap- explanation for this discrepancy is that the fusion pore
remains open, and the size of the pore is relatively smallto.pHluorin or NPY.Venus (Figure 2). By contrast, ex-
pression of either synaptotagmin IV or a mutated form to start with but gradually increases its diameter. This
response could be due to the lowered Ca2 sensitivityof Munc 18 (R39C) that binds syntaxin more weakly [19]
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Figure 3. Analysis of Fluorescence Intensity Changes in a Single
Figure 4. Distinct Types of Regulated Exocytosissynapto.pHluorin or NPY.Venus-Expressing Vesicle Expressing
Synaptotagmin I or IV, Munc18, or Munc 18R39C (A) “Pure,” (B) “mixed,” and (C) “full” kiss-and-run/fusion.
(A) A synapto.pHluorin-impermeable fusion pore allows the release(A and B) The effect of high K stimulation on the fluorescence
of protons and other small molecules, but synapto.pHluorin remainsintensity changes in (A) synapto.pHluorin and (B) NPY-Venus. (C
in the vesicle and darkens when the fusion pore closes.and D) The effect of 30 mM glucose on fluorescence intensity in
(B) A synapto.pHluorin-permeable but NPY.Venus-impermeable fu-cells expressing (C) synapto.pHluorin or (D) NPY.Venus. Each trace
sion pore forms and allows synapto.pHluorin to leave the vesicleis an average of six independent experiments. Error bars are given
and diffuse into the plasma membrane.as S.E. (E and F) The decay time of fluorescence intensity in (E)
(C) Soluble vesicle proteins including NPY.Venus (yellow), and selectedsynapto.pHluorin and in (F) NPY.Venus-expressing vesicles. An as-
membrane proteins (synapto.pHluorin, green, but not phogrin.EGFP,terisk indicates p  0.05 from the control.
red) escape from the vesicle. In all cases, fusion pore closure occurs,
possibly through the action of fission-mediating proteins.
(D) Pie charts showing the frequencies of each category of fusion
of synaptotagmin IV [16]. These data also suggest that, event under different conditions (Syt-IV, synpatotagmin IV). For the
below a certain threshold, fusion pore closure is not rate calculation of relative frequencies, the ratio of total NPY.Venus:
limiting for the release of NPY.Venus. synapto.pHluorin release events was first calculated to give the
proportion of “full” kiss-and-run events (Figures 1L and 1P). The
distribution of “mixed” and “pure” kiss-and-run occurrences in the
Conclusions remainder of events was then deduced from the proportion of synap-
to.pHluorin fusions in which diffusion of fluorescence was observed.We show here that (1) secretory events in pancreatic 
cells are highly heterogeneous and that (2) fusion pores
can selectively release not just small soluble cargoes
(e.g., protons, neurotransmitters, or low-molecular- ranges between 200 and 500 pS, corresponding to a
pore diameter of 1.5–2.4 nm or a molecular-mass cut-mass dyes) [4, 20], but also selected membrane-associ-
ated proteins (e.g., VAMP2). off of approximately 1 kDa. By contrast, a “mixed” kiss-
and-run event (Figure 4B) involves the formation of aThree forms of exocytosis can thus be described.
During a “pure” kiss-and-run event (Figure 4A), a fusion fusion pore large enough to allow release of synap-
to.pHluorin, but not phogrin.EGFP or NPY.Venus. Thesepore that releases only very small molecules, including
protons, opens and thus enhances synapto.pHluorin flu- events probably correspond to a subgroup of the lateral
diffusion responses observed with synapto.pHluorinorescence. Such events seem likely to explain the tran-
sient increases in fluorescence of synapto.pHluorin, for (Figure 1N). Finally, “full” kiss-and-run events (Figure
4C) permit the release of all soluble vesicle cargoes andwhich no subsequent lateral diffusion was observed
(Figures 1L and 1P). Capacitance measurements [21] correspond to the flash responses of NPY.Venus (Figure
1J) and the remainder of the synapto.pHluorin eventsindicate that the conductance of the cognate fusion pore
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